In the next few decades hydrogen production will continue to rely on fossil fuels (primarily, natural gas). The conventional methods of hydrogen production &om natural gas, for example, steam reforming (SR), are complex multi-step processes. These processes also result in the emission of large quantities of CO, into the atmosphere. One alternative is the single-step thermocatalytic cracking (TCC) (or decomposition) of natural gas into hydrogen and carbon. The comparative assessment of SR and TCC processes was conducted.
The series of experiments on the thermocatalytic Craccung of methane over various catalysts and supports in a wide range of temperatures (500-900°C) and flow rates was conducted a t the Florida Solar Energy Center. Two types of f x bed catalytic reactors were designed, built and tested: continuous flow and pulse reactors. The temperature dependence of the hydrogen production yield using metal and metal oxide type catalysts was studied. Ni-MojAlumina and Fe-catalysts demonstrated relatively high efficiency in the methane cracking reaction at the range of temperatures 600-800" C. Fe-catalyst demonstrated fairly good stability, whereas alumina-supported Pt-catalyst rapidly lost its catalytic activity. Methane decomposition reaction over N i -M o / a l m was studied over wide range of space velocities (3.8-67.8 min-') in a continuous flow fixed bed catalytic reactor. The experimental results indicate that the hydrogen yield decreases noticeably with an increase in the space velocity of methane. The pulse type catalytic reactor was used to test the activity of the catalysts. It was found that induction period on the kinetic curve of hydrogen production corresponded to the reduction of metal oxide to metallic form of the catalyst. SEM method was used to study the structure of the carbon deposited on the catalyst surface. Energy systems based on hydrogen as an energy carrier coupled with renewable energy resources are considered as ultimate long term option. Natural gas appears to be a viable near term option. According to Marchetti (1979) and Nakicenovic (1990), natural gas will become, globally, the major source of energy during the next century. It is widely accepted that in the short-to medium-term hydrogen production will continue to rely on natural gas. On the other hand, the use of natural gas as a chemical feedstock and a fuel for the conventional processes of hydrogen production, for example, steam reforming (SR) or partial oxidation (PO), results in the emission of large quantities of CO, that produce adverse ecological effects. SR of natural gas is a complex process consisting of four processing steps:
1) feedstock purification
2) steam reforming of methane to hydrogen and carbon monoxide:
3) water-gas shift reaction:
4) gas purification (60, removal)
The reforming reaction is a strongly endothermic, high temperature (800-900°C) process. To ensure a maximum conversion of CH, into the products , the process generally employs an excess of steam (stedcarbon ratio 3-5). The process thermal efficiency of the steam reformer is seldom greater than 50% (Cromarty 1992). Because of the energy intensive stages of SR process the usage of natural gas as a fuel is almost equal to its usage as a chemical feedstock.
As a result the production of every cubic meter of hydrogen is accompanied by the emission of 0.5 cubic meter of COP CO, can be removed h m flue gases by several methods (e.g. adsorption by molecular sieves, cryogenic separation, membrane separation, etc.) which are energy and 83 investment intensive processes. However the real problem is what to do with accumulating volumes of CO, that are not released into the atmosphere. Simple calculations indicate that the amounts of CO, generated by reformmglscrubbing process would be truly enormous: the disposal of 10 millions tons of CO, would be the price to pay for each million ton of hydrogen produced.
Although several proposals have been reported in literature (for example, Cheng and Steinberg 1986) on CO, disposal in natural underground reservoirs, depleted ~k a l gas fields, the deep ocean, etc., concern was expressed by some experts on the possible ecological effects of high concentrations of CO, in the ocean or other disposal sites on the local biosphere (Nakicenovic 1993).
Thermal C r ackiBg of Methane
One alternative to SR is a single-step thermal cracking (TC) of natural gas into hydrogen and carbon:
CH, -C + 2H2 + 75.6 kJ
The energy requirement per mole of hydrogen produced for TC is somewhat less than that for SR reaction: 37.8 and 41.2 kJ/mole IE, respectively. The process is slightly endothermic, so only an insigndicant amount of hydrogen produced could be used as a source of the thermal energy for the process. The WCH, ratio for both TC and SR processes is approximately 2 (considering fuel usage of methane). In addition to hydrogen as a major product, the process produces a very important by-product: clean carbon.
A comparative assessment of hydrogen production processes by TC and SR of natural gas yields the following conclusions:
1) The energy and feedstock consumption per unit of hydrogen produced for the processes are comparable.
2) TC of natural gas is a technologically simple one-step process without energy and material intensive gas separation stages, while SR is a multi-step process.
3) The maximum temperature of the SR process is still high (815 "C) despite many decades of intensive operation and improvement. This leaves a very low probability for further reductions in the reaction temperature. In contrast, the TC process has a great potential for decreasing the maximum temperature of the process (by several hundred degrees centigrade) by using effective catalysts.
4)
There is a very valuable by-product of TC process: pure carbon, while SR produces no useful by-products.
5)
TC produces practically no CO, emissions.
It was shown (Steinberg and Cheng 1988 ) that the cost of hydrogen produced by TC of natural gas is somewhat lower than that for the conventional processes and is equal to $1.64 per lo3
SCF after by-product carbon credit is taken. In this regard, these processes exhibit no si@cant advantages over conventional processes (for example, SR) because of high operational temperatures and large CO, emissions.
Our approach is based on the selection of the active catalysts for the methane decomposition operating at moderate temperatures (650-850°C) and carbon recovery. It is more attractive from technical and ecological points of view to store carbon rather than CO,. Since TCC of natural gas does not produce CO, emissions it can be considered as a transition process linking the fossil fuel and the renewable energy resource-based economies. In the short-term, this process can be used for on-site production of hydrogen-methane mixtures in gas-fdling stations and for C0,-free production of hydrogen for fuel cell driven prime movers. 
EXPERTMENTAL

3.1
The gases: methane (99.0%, BITEC) and nitrogen (99.999%, BITEC) were used without further purification. Pt(l%)/alumina catalyst was prepared by soaking-drying technique using yalumina and 1% w solution of H;ptCI, with subsequent reduction in a stream of hydrogen. Fecatdyst was prepared b m Fe203 (Fisher). Ni0-Mo03/alumina catalyst (surface area 180 m2/g, pore volume 0.5 cm3/g) was provided by Haldor Topsoe, Inc.
Reactors
Some consideration was given to the reactor material. We studied the catalytic activity of various materials which could potentially be used for the reactor construction for methane decomposition process. A quartz was found to be the most inert material in methane cracking reaction followed by alumina. Metals (e.g.stainless steel demonstrated noticeable catalytic activity in methane decomposition process and can not be used a reactor material in the catalyst activity measurements.
Two types of catalytic reactors were used in this work: continuous flow (material-quartz, reaction zone volume 58.4 mL, catalyst amount 3-6 g) and pulse (material-quartz, reaction zone volume 3.2 mL, catalyst amount 0.5 g). Both continuous flow and pulse catalytic reactors were made out of quartz tubes with O.D. 15 mm and 7 mm, respectively.
Experimental Set-w
The schematic diagram of the catalytic system with continuous flow reactor depicted in Figure   1 . The experimental set-up consists of 3 subsystems: fixed bed catalytic reactor, gas introduction and sampling subsystem and analytical subsystem. The reactor is placed in a temperature-controlled (Love Controls Corp.) oven. Ovens were manufactured by Themcraft Inc. CH, and N2 flow rates were measured by flowmeters MKS Instruments, Inc. and Teledyne, Hastings-Raydist, respectively. Before introducing methane into the continuous flow reactor at the operational. temperatures and flow rates, slow flow of nitrogen (25 mumin) was passed through the reactor to remove air. At the end of the experiment, the flow of nitrogen was again introduced into the reactor to remove metane and hydrogen from hot reactor.
Figure 2 depictsthe schematic diagram of the catalytic system with pulse reactor which consists of a microreactor (volume 3.2 mL) with a catalyst, 6-port sampling valve with 1 mL sampling loop and gas chromatograph. In a "stand-by" position of 6-port valve the carrier gas (nitrogen) entered in tandem the 6-port valve, the microreactor and GC-column. Methane entered 1 mL sampling loop and vented off. In the "injection" position of the 6-port valve, the pulses (1 mL each) of methane were injected into the microreactor and the methane cracking products entered GC.
3.4
The products of methane decomposition and partial oxidation were measured gaschromatographically. Gas chromatograph SRI 86 10 (nitrogen-carrier gas, thermal conductivity detector, silicagele column) was used for the analysis of hydrogen. Varian 3000 (helium-carrier gas, flame-ionization detector, Hysep D, column) was used for CO,,CO and traces of hydrocarbons analysis. SEM (Amray 1810) was used to study the carbon deposited on the catalyst surface 
m e r a t u r e T3eD-e of
We studied thermocatalytic decomposition of methane over various catalysts and contacts in a wide range of temperatures 500-900°C. It was observed that the hydrogen production rate is a function of the temperature. Figure 3 depicts the temperature dependence of the hydrogen concentration (96 vol) in the effluent gas using different catalysts and refractory materials includmg the reactor material: quartz. It was found that quartz as well as graphite and alumina showed no or insigmficant activity in the methane decomposition reaction at temperatures below 700" C. Alumina-supported Ni-Mo and Fe-catalysts demonstrated high catalytic activity in the range of 650-800°C and 800-9OO0C, respectively. It should be noted that in some cases we observed a decline in the hydrogen yield as the run proceeded due to the carbon build-up on the catalyst surface. Therefore, only maximum values of hydrogen yields were considered in plotting the temperature dependence of the methane decomposition reaction.
I t was observed that the shape of the kinetic curve for hydrogen production is mostly determined by the chemical composition of the contact. For example, alumina-supported Ptcatalyst demonstrated high catalyhc activity only during first several minutes and then the rate of the methane decomposition drastically dropped and reached the stationary level which corresponds to the hydrogen concentration in the effluent gas equal to approximately 20% vol.
( Figure 4) . In case of oxide type catalysts the maximum yield of hydrogen is reached after the induction period corresponding to the catalyst reduction to its metallic state. Time, min The rationale for this series of experiments was to study the effect of the residence time of methane within the continuous flow reactor on the hydrogen yield at given temperature. We conducted series of experiments on the methane catalytic cracking in wide range of flow rates fmm 25 to 450 W m i n at 700°C. NiO-MoO,/alimina was used as a catalyst. Figure 7 depicts the kinetic curves of hydrogen production at various flow rates. After short induction period 1-10 minutes hydrogen concentration in the effluent gas reaches the maximum value and then gradually declined. GC analysis showed that during induction period the effluent gas is rich with carbon oxides. Figure 8 shows the dependence of the maximum hydrogen yield on the space velocity of methane. Increase in methane space velocity from 3.8 to 67.8 min-l resulted in significant drop in the hydrogen yield from 75.9 to 24.8%.
Pulse Reacto r Experimeu
The continuous flow reactor experiments demonstrated that it was very difficult to accurately measure the maximum yields of hydrogen production. Relatively short induction period and the longevity of Gc analysis (up to 7 minutes) were main sources of these difficulties. To solve this problem we problem we used pulse reactor, depicted in Figure 2 . 1 mL pulses of CH, at regular intervals (correspondmg to the time of GC analysis) were injected into the catalytic microreador and the reaction products entered the GC analyzer. In a typical experiment we conducted up to 90 of such injections. Figure 9 depicts the dependance: the methane decomposition products yields vs the number of 1 mL methane injections. First injections result in a deep oxidation of the methane into the carbon oxides and the reduction of the catalyst to its reduced (probably, metallic) form. We observed the onset of the hydrogen formation after 13 injections with the maximum hydrogen yield corresponding to 25-40 injections. Beginning from the 30th injection hydrogen was the only product of the methane decomposition. The most important result of this series of experiments is that the maximum concentration of hydrogen in the effluent gas is fairly close to its equilibrium (i.e. theoretical) value which is an indication of an active catalyst. We have conducted SEM studies of the carbon deposited on the catalyst surface at different temperatures. After the catalytic cracking of methane, the reactor was allowed to cool to the mom temperature in the stream of nitrogen. The carbon was carefully removed (mechanically) from the catalyst surface and analyzed by SEM method. Figure 10 depicts typical SEM micrograph of the carbon removed from Ni-Mo catalyst. It was found that the carbon formed on the catalyst surface at the range of temperatures 500-800°C had an amorphous structure.
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Figure 10.
SEM Micrograph of Carbon
Removed from Ni-MdAlumina Catalyst Surface.
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CONCLUSIONS
Thermocatalytic cracking of the natural gas has several advantages over conventional processes of hydrogen production: i) it is technologictdly simple one-step process, ii) it produces a valuable by-product: pure carbon and iii) it produces practically no CO, emissions.
Thermocatalytic cracking of the methane over various catalysts and contacts was studied in this work. Catalyst activity and stability tests were conducted using two types of thermocatalytic systems: fured bed continuous flow and pulse reactors, in a wide range of temperatures (500-900°C) and space velocities (3.8-67.8 min-'1. Alumina-supported Ni-Mo and bulk Fe catalysts demonstrated high catalytic activity at 650 and 8OO0C, respectively. P t / a l u m i~ catalyst rapidly lost its catalytic activity. Among materials tested quartz demonstrated lowest catalytic activity in methane decomposition reaction and, hence, can be used as a material for the reactor construction. It was found that the concentration of hydrogen in the effluent gas is a function of temperature and gas flow rate. For example, the q-CH, mixtures with the hydrogen concentration 30 and 80% voi. can be produced a t 600 and 790°C, respectively, using aluminasupported Ni-Mo catalyst. Fe-catalyst is thermally more stable than Ni-Mdalumina catalyst and at elevated temperatures produces gas with the concentration of hydrogen up to 95% vol.
The activity of the catalysts was tested using pulse catalytic reactor. The induction period preceded the effective hydrogen production using both Ni and Fe catalysts. It was found that the induction period corresponded to the reduction of metal oxide to metallic form of the catalyst. The carbon deposited on the catalyst surface was studied using SEM method.
